receiving ineffective or unnecessarily broad-spectrum antibiotics [1, 2] . Panel-based molecular diagnostic assays are now available for direct testing of positive blood culture bottles (BCBs), providing timelier results than conventional subculture and phenotypic susceptibility testing. Faster identification and resistance characterization of pathogens may lead to earlier administration of directed antimicrobial therapy, promote earlier de-escalation of broad-spectrum agents, and potentially result in better outcomes, fewer antibioticassociated adverse effects (eg, Clostridium difficile infection), and less emergence of antimicrobial-resistant organisms [3] . However, rapid blood culture diagnostics are "add-on" tests performed in addition to conventional testing, and therefore increase complexity of laboratory testing and cost of patient care. The Infectious Diseases Society of America has recently called for research to evaluate how novel diagnostics impact patients and healthcare systems and to identify methods to integrate novel diagnostic testing into clinical practice [4] .
Studies evaluating the clinical impact of rapid blood culture diagnostics have been limited by observational study designs and use of historical controls [5] [6] [7] [8] [9] [10] [11] .Whereas studies suggest that antimicrobial use, length of stay (LOS), mortality, and/or cost may be reduced through use of rapid blood culture diagnostic tests [5, 6, 9, [11] [12] [13] [14] , practice changes other than implementation of the novel tests may have affected outcomes. Additionally, prior studies have evaluated bundled interventions in which rapid tests were implemented with antimicrobial stewardship initiatives, making it impossible to determine whether the rapid test or the stewardship intervention alone might have been effective [5, 6, 8, 11, 15, 16] . Furthermore, real-time antimicrobial stewardship is not feasible in hospitals without stewardship programs. Ideally, a randomized controlled trial (RCT) is needed to evaluate outcomes associated with use of rapid diagnostics for bacterial identification and susceptibility testing directly from positive BCBs, but to date, none has been performed.
We conducted a prospective RCT comparing antimicrobial utilization and outcomes among patients with positive blood cultures who received standard culture and antimicrobial susceptibility testing alone, or with a rapid multiplex polymerase chain reaction (PCR) panel that identifies bacteria and Candida species and select antimicrobial resistance genes in approximately 1 hour [17, 18] . To determine the optimal method of communicating results, PCR test results were delivered in 2 ways, with templated comments to guide antimicrobial prescribing, or with templated comments in conjunction with real-time antimicrobial stewardship team recommendations to prescribers.
METHODS

Study Design, Randomization, and Masking
The study was a prospective RCT conducted at the Mayo Clinic, Rochester, Minnesota. Eligible patients were adults and children who had positive blood cultures processed in the clinical microbiology laboratory using the Becton Dickinson BACTEC FX system between August 2013 and March 2014. Patients were randomly assigned to either standard BCB processing (control), rapid multiplex PCR with templated comments (rmPCR), or rmPCR with templated comments and real-time antimicrobial stewardship (rmPCR/AS). Patients were excluded if they had a positive blood culture in the prior week, had not provided the Minnesota state research authorization (Minnesota Statute 144.335), were previously enrolled in the study, died or were transitioned to comfort care within 24 hours of enrollment, or had a negative BCB Gram stain. This study was approved by the Mayo Clinic Institutional Review Board with a waiver of informed consent.
Stratified randomization (based on age <65 or ≥65 years, intensive care unit admission, and admission to solid organ or bone marrow transplant services) was done once a BCB signaled positive. Laboratory technologists and investigators were not blinded to study arm assignment. For all groups, matrixassisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) for pathogen identification of colonies isolated from positive BCBs, and rapid testing for methicillin resistance on Staphylococcus aureus colonies with the Alere PBP2a test (Alere, Waltham, Massachusetts) were used. Baseline institutional antimicrobial stewardship interventions were in place for all study groups including requiring infectious diseases approval for restricted antimicrobials, and MondayFriday daytime prospective audit and feedback of select inpatient antimicrobial orders. A computer-based monitoring system that integrates pharmacy, laboratory, and microbiology databases was used to identify opportunities for audit and feedback [19] (see Supplementary Methods for details).
Intervention
The rmPCR panel used in both intervention arms was the FilmArray Blood Culture ID Panel (BioFire Diagnostics/ bioMérieux, Salt Lake City, Utah), which was performed as soon as a BCB signaled positive, 24 hours a day, 7 days a week. This assay detects Staphylococcus species, S. aureus, Streptococcus species, Streptococcus agalactiae, Streptococcus pyogenes, Streptococcus pneumoniae, Enterococcus species, Listeria monocytogenes, Klebsiella oxytoca, Klebsiella pneumoniae, Serratia species, Proteus species, Acinetobacter baumannii, Haemophilus influenzae, Neisseria meningitidis, Pseudomonas aeruginosa, Enterobacteriaceae, Escherichia coli, Enterobacter cloacae complex, Candida albicans, Candida glabrata, Candida krusei, Candida parapsilosis, and Candida tropicalis, and 3 antimicrobial resistance genes, mecA, vanA/B, and bla KPC . Results of the rmPCR test and templated comments regarding optimal antimicrobial therapy (Supplementary Table 1) were communicated to the service by telephone by a laboratory technologist and entered into the electronic medical record in real time. Gram stain-positive blood cultures that had negative rmPCR results were reported with Gram stain result only.
In the rmPCR/AS group, the rmPCR test was performed and reported as above, and an infectious diseases clinician or pharmacist (R. B. or C. B. T.) was paged with the result, 24 hours a day, 7 days a week. The subject's rmPCR result and medical record were reviewed and the primary service (or consulting infectious diseases physician, if applicable) contacted immediately over the 3 days following enrollment if a modification to antimicrobial therapy was deemed appropriate. Discordant results between rmPCR and conventional identification and susceptibility testing were reviewed in real time by the bacteriology laboratory director (R. P.).
Outcome Measures
Subjects were followed for 30 days after enrollment. The primary outcome was duration of antimicrobial therapy (in hours) in the 4 days after enrollment. Duration of antimicrobial therapy was calculated as the difference between the date and time of the antibiotic start order (or Gram stain-positive blood culture, if antibiotics were started prior to the positive culture result) and the date and time of the antibiotic stop order. Secondary outcomes included time from positive Gram stain result to first active antibiotic; time to first appropriate antibiotic escalation (initiation of 1 or more antibiotics or switch from a narrow-to a broad-spectrum antibiotic) or de-escalation (discontinuation of 1 or more antibiotics and/or switch from a broad-to a narrow-spectrum antibiotic); proportion of contaminants not treated; time to pathogen identification and blood culture clearance; LOS; mortality; antibioticassociated toxicities; infectious disease consultation; and costs per patient [20, 21] (see Supplementary Methods for details).
Statistical Analysis
We anticipated that two-thirds of patients (130/200 per arm) would receive vancomycin or an antipseudomonal antibiotic and that the standard deviation (SD) for antibiotic duration would be about 24 hours. Thus, we would be able to detect a difference in either vancomycin or antipseudomonal antibiotic duration of at least 0.403 SD (approximately 10 hours) with 80% power at an α level of .017 (to account for 3 comparisons) using a 2-sample t test. Comparisons among 3 groups were performed using the Kruskal-Wallis test for continuous variables and Fisher exact test or χ 2 test for categorical variables. When the overall test was significant, pairwise comparisons were made using Wilcoxon rank-sum, Fisher exact, or χ 2 test, as appropriate. Analysis was performed using SAS software, version 9.3 (SAS Inc, Cary, North Carolina).
RESULTS
Patients
A total of 2646 positive blood cultures from 968 unique patients were identified, 743 patients underwent randomization, and 126 Figure 1 . Participant enrollment. System/technical errors included randomization software downtime, typographical errors causing an ineligible subject to be erroneously randomized, and failure to enter an eligible subject into the randomization program. Abbreviation: PCR, polymerase chain reaction. (17%) were excluded, leaving 617 patients included in the study ( Figure 1 ). Compared to nonrandomized subjects, randomized patients were slightly older (61.3 vs 56.7 years, P = .01), but not different by sex. Clinical and demographic characteristics were similar between the groups (Table 1) .
Microbiology
Blood cultures grew 54.8% gram-positive bacteria, 32.6% gramnegative bacteria, 2% Candida species, and 10.5% multiple organisms. One-third of organisms isolated (29.2%) were considered contaminants. Among subjects with rmPCR testing, 81% of organisms isolated were detectable by the rmPCR panel. Study groups did not differ in terms of the distribution of microorganisms or the proportion that were contaminants or detectable by rmPCR (Supplementary Table 2 ).
Rapid Multiplex PCR Performance and Stewardship Interventions
Among subjects with pathogens represented on the rmPCR panel, median time from Gram stain result to organism identification was shorter in both intervention groups (both 1.3 hours) vs the control group (22 hours) (P < .0001; Figure 2 ). Most discrepancies between rmPCR and standard culture and susceptibility results occurred because microorganisms were not represented on the rmPCR panel (78/410 [19%]). In 13 of 410 (3.2%) cases, there were discrepancies in organism identification or susceptibility result (Table 2 ). In the rmPCR/AS group, investigators made 159 recommendations for the following: antibiotic de-escalation (58%), antibiotic escalation (18%), optimization of antibiotic dose or duration (15%), and infectious diseases consultation (9%); 78% of recommendations were accepted within 24 hours. In contrast, the baseline stewardship program in place for all groups identified fewer audit and feedback opportunities (50 in control, 26 in rmPCR, and 34 in rmPCR/AS) and made fewer recommendations to modify therapy (7 in control, 0 in rmPCR, and 6 in rmPCR/AS).
Antimicrobial Utilization
Within the first 4 days after enrollment, duration of vancomycin was not different between groups. However, among subjects with bloodstream infections caused by organisms not requiring vancomycin therapy (eg, monomicrobial cultures of methicillin-susceptible S. aureus, S. pyogenes, S. agalactiae, or gram-negative or fungal organisms), the median duration 8-9 ). *P < .05 vs control; † P < .05 vs control and rmPCR groups. subjects, the median duration of piperacillin-tazobactam was shorter in the rmPCR (44 hours) and rmPCR/AS (45 hours) groups compared with control (56 hours, P = .012). Utilization of other antibiotics was not different between groups. The proportion of subjects with any de-escalation of antimicrobial therapy after Gram stain or rmPCR result was higher in the rmPCR/AS group (24.1%) compared with the rmPCR (14.7%) and control (12.1%) groups (P = .003). Time from Gram stain result to first appropriate antimicrobial de-escalation was shorter in the rmPCR/AS group (21 hours) compared with the control (34 hours) and the rmPCR (38 hours) groups (P < .001) ( Table 3) . Time from Gram stain result to first appropriate antimicrobial escalation was shorter in the rmPCR/AS group (5 hours) than in the control group (24 hours, P = .04; Table 3 ). Results were similar among the subset of subjects with organisms on the rmPCR panel (Figure 2 ). In the groups with rmPCR testing, time to antimicrobial de-escalation or escalation did not change significantly over the course of the study. The proportion of contaminant blood cultures that was not treated or treated for <24 hours was higher in the rmPCR (89%) and rmPCR/AS (92%) groups vs control (75%, P = .015; Table 3 ). Antimicrobial utilization was not different among patients with and without infectious diseases consultation.
Other Outcomes
There were no differences in clinical or microbiologic outcomes among the groups (Table 4) . Among the few patients with discrepant rmPCR and conventional culture results, no adverse consequences were observed. Both intervention groups had increased test costs but similar hospitalization costs compared with the control group. Antimicrobial costs tended to be lower for both intervention groups than for the control group, Data are presented as median (IQR) unless otherwise specified.
Abbreviations: IQR, interquartile range; PCR, polymerase chain reaction. a Duration of therapy (hours) was calculated as the difference between the date and time of the antibiotic start order (or Gram stain-positive blood culture, if antibiotics were started prior to the positive culture result) and the date and time of the antibiotic stop order, for subjects who received the specified antibiotics, according to the organisms identified and study group. Shorter duration of broad-spectrum antibiotics, longer duration of narrow-spectrum antibiotics, faster antibiotic escalation or de-escalation, and less treatment of contaminants were considered favorable outcomes. b Organisms not requiring vancomycin included monomicrobial cultures with methicillin-susceptible Staphylococcus aureus; groups A, B, C, or G streptococci; Streptococcus anginosus species group; or gram-negative or fungal organisms. c Statistically significant compared to control group.
d From positive Gram stain to 96 hours after enrollment. De-escalation included discontinuation of 1 or more antibiotics and/or switching from a broad-to a narrowspectrum antibiotic. e Statistically significant comparison between the 2 intervention groups.
f From positive Gram stain to 96 hours after enrollment. Escalation included initiation of 1 or more antibiotics and/or switching from a narrow-to a broad-spectrum antibiotic. g From positive Gram stain to start of active antibiotic among patients not on active therapy at enrollment; excludes patients with contaminated blood cultures.
h Contaminated blood cultures were defined as growth of organisms such as coagulase-negative staphylococci from a single blood culture set when ≥2 blood culture sets were collected, except among subjects suspected to have true bacteremia associated with central venous catheters or devices.
but this difference was not statistically significant. Total costs were not significantly different between intervention and control groups in sensitivity analysis of rmPCR test cost.
DISCUSSION
We report the first prospective RCT to demonstrate benefit of an rmPCR-based blood culture diagnostic test. We found that use of the rmPCR test led to more judicious antibiotic use. Additionally, we delivered rapid test results along with templated comments guiding interpretation and antimicrobial prescribing, and separately evaluated this approach with and without real-time antimicrobial stewardship. Both rapid test reporting strategies reduced unnecessary antibiotic use, although rmPCR testing combined with antimicrobial stewardship resulted in the most rapid antibiotic de-escalation.
In earlier observational studies, rapid pathogen identification methods have been associated with decreased mortality, LOS, and cost [5, 6, 9, [11] [12] [13] [14] . However, these studies were limited by their retrospective designs, use of historical controls [5, 6, 10, 22] , lack of randomization, and failure to match subjects by severity of illness [7] . In contrast, in this trial we did not observe differences in clinical or cost outcomes between patients in intervention and control arms. This may be due to the use of different study designs, the fact that this trial was not powered to detect differences in LOS, mortality, or cost, and/or the fact that 70% of our study subjects were receiving at least 1 active agent at time of enrollment and were generally being overtreated, rather than undertreated. In addition, our institution's baseline antimicrobial stewardship program, low resistance rates, high rate of infectious diseases consultation (48%), and baseline use of advanced technologies including MALDI-TOF MS and rapid PBP2a testing, even in the control arm, may have reduced differences between the control and intervention arms. The rmPCR test enabled clinicians to quickly initiate "pathogen-directed" therapy and appropriately scale up or scale down antibiotic therapy, as needed. Specifically, in both intervention groups, we observed increased narrow-spectrum antibiotic use, less unnecessary vancomycin use, decreased treatment of blood culture contaminants, and more timely antibiotic escalation compared with the control group. Because timely initiation of effective therapy is a critical step in the management of patients with sepsis [1, [23] [24] [25] , reducing time to appropriate antibiotic escalation by 14 hours, as observed in both intervention arms (Figure 2) , is clinically significant. Antibiotic de-escalation occurred nearly 1 day (19 hours) faster in the rmPCR/AS group compared with control ( Figure 2) , which is almost a 25% reduction in broad-spectrum antibiotic days of therapy, as median duration of piperacillin-tazobactam or meropenem therapy in the control group was 4 days. This is likely to be significant at a population level; models estimate that a 5% reduction in broad-spectrum antibiotic use among hospitalized patients would result in a 26% decrease in C. difficile infection rates [26] . Among subjects with vancomycin-susceptible enterococci, vancomycin use increased in both intervention groups because of prompt de-escalation from daptomycin to vancomycin. In contrast, cefepime use did not decrease in the intervention groups, likely because this drug is commonly used for management of suspected infection in neutropenic hosts, in whom antibiotic de-escalation is often not indicated, despite negative blood cultures.
We observed that provider response differed according to how rapid test results were delivered. Others have noted that despite the availability of a rapid test result (eg, presence or absence of mecA), providers may fail to modify antibiotic therapy without pharmacist intervention [8, 27] . Observational studies have found favorable outcomes when rapid testing was implemented together with antimicrobial stewardship interventions [5, 6, [11] [12] [13] [14] [15] [16] . To our knowledge, no prior studies have implemented a rapid blood culture diagnostic test using electronic decision support in the form of templated comments to guide prescribing, as done in this study. In the group that received the rmPCR test results delivered with templated comments communicated verbally and in the medical record, we observed more rapid antibiotic escalation, more narrow-spectrum antibiotic use, and less treatment of contaminants compared with the control group. Templated comments are an inexpensive and effective means of communicating straightforward results to providers, such as when coagulase-negative staphylococci or Micrococcus species represent contaminants, or when a Staphylococcus species is methicillin susceptible or resistant.
When the rmPCR test result was delivered with guidance from the antimicrobial stewardship team, there was also more frequent and timelier antibiotic de-escalation. We speculate that this is in part because notification from a stewardship team member might prompt a busy clinician to act on a test result more so than a telephone call from a laboratory technologist. Additionally, in complex clinical scenarios when critically ill or immunocompromised patients or patients with polymicrobial infections are on multiple broad-spectrum antibiotics, providers may prefer discussion with infectious disease specialists prior to modifying antimicrobial management. Although in this study the stewardship team provided feedback to providers 24 hours a day, most antibiotic de-escalation occurred during the day because housestaff preferred not to contact supervising providers at night regarding nonurgent de-escalation questions. Thus, around-the-clock antimicrobial stewardship team oversight, which is costly, may not be necessary. Rather, we estimate that at our institution, an additional 1-2 hours of stewardship effort (during the daytime) would be sufficient for daily review of positive blood cultures.
Unlike other rapid PCR-based platforms that target a limited number of organisms, the rmPCR test detected multiple targets, characterizing >80% of positive blood cultures and providing accurate results nearly a day faster than standard techniques. Additional advantages of the rmPCR test studied are that it is a closed system, can be used whether blood cultures contain gram-positive or gram-negative bacteria or yeast, and does not require significant technologist training or time. Known limitations of the test include its lack of sensitivity in detecting all organisms in polymicrobial cultures (Table 2) , and the limited susceptibility information provided for gram-negative bacteria. The rmPCR test studied is "add-on" testing that does not replace conventional BCB subculture workup methods.
This study has limitations, including that it was performed at a single center and may not be generalizable to other institutions with different patient populations, prescribing and stewardship practices, and antimicrobial resistance rates. The study was not powered for subgroup analyses or to detect differences in secondary outcomes including LOS and mortality. Investigators were not blinded to study arm, and infectious diseases "curbside" consultations were not captured. We did not include a control group without rmPCR testing but with stewardship of all positive blood cultures. We were unable to account for contamination between study arms, although rarely were multiple patients in the intervention arms cared for by the same clinical service at the same time. Despite these limitations, this is the first prospective RCT to evaluate the value of a rapid diagnostic test for blood culture pathogen identification and to compare strategies to communicate rapid test results to clinicians.
In conclusion, rapid pathogen and susceptibility detection directly from blood cultures implemented with templated comments or antimicrobial stewardship oversight can optimize antibiotic prescribing for bloodstream infections. To influence clinical decision making, rapid results should be delivered with real-time decision support (using automated systems or antimicrobial stewardship programs) that assists clinicians to interpret and act on results.
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